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PLANT ADAPTATION IN THE GREAT BASIN AND COLORADO PLATEAU
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ABSTRACT —Adaptive features of plants of the Great Basin are reviewed. The combination of cold winters and an arid
to semiarid precipitation regime results in the distingnishing features of the vegetation in the Great Basin and Colorado
Platean. The primany effects of these climatic features arise from how they structure the hvdrologic regime. Water is the
most limiting factor to plant growth. and water is most reliabhy available in the early spring after winter recharge of soil
wefstRe, Tk fieer detemmines many characteristics of root morphology. um\\th phenology of roots and shoots. and
photosynthetic physiology: Since winters are typically cold enongh to suppress growth. and dmnﬂht limits arowth dnring
the summer, the cool temperatures ¢ haracteristic of t]m pe sak arowing season are the second most important climatic factor
influencing plant habit and performance. The combination of several distinet stress periods. including low-temperature
stress in winter and spring and high-temperature stress combined withy dronght in snmmer. appears to have imited plant
habit to a greater degree than found in the warm deserts to the sonth. Nonetheless, cool arowing conditions and a mare
reliable spring growing season result in higher water-use efficiency and productivity in the vegetation ol the cold desert
than in war deserts with equivalent total rainfull wmonnts. Edaphic factors are also important in structuring conmnmities
in these regions. and halophytic commmmities dominate many kmdscapes. These halophyvtic commmitics of the cold desert
share more species in common with warm deserts than do the nonsaline commmities. The Colorado Platean differs from
the Great Basin in having greater amounts of summer rainfall. in some regions less predictable rainfall, sandicr soils. and
streams which drain into river systems rather than closed basins and salt plavas. One result of these climatic and edaphic
differences is a more important summer growing scason on the Colorado Platcan and a somewhat greater diversification
of plant habit, phenology, and physiology:
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Nevada and inerease both to the north aud cast.
and to the sontheast moving into the Colorado
Platean (Fig. 1. Table 1), The fraction of aninal
precipitation during the hot stmer months
(Jrme=September) varies considerably. from
10-20% in northern Nevada to 30—10% along
the bonndary of the Cold and Mojave deserts in

Several featnres arising from climate and
(fe()l()«f\' inllmw severe limitations on })]zmt
grow th and ac tivity in the Great Basin and Col-
orado Plateau. The climate is distinetly conti-
nental with cold winters and warm, often drv
simmers. Anunal precipitation levels are low in
the basins, ranging from 100 to 300 mm (4-12

inches), and typically increasing with elevation
to 300 mm (20 inches) or more in the montane
zones. Precipilation levels ave lowest along the
southwestern boundary of the Great Basin in

. Department of Biology, University of Utah, Salt Lake Citv, Utali $3112

southwestern Nevada and sonthern Utah, and
35-50% thronghont minch of the Colorado Pla-
tean. Winter precipitation falls primarily as

snow in the Great Basin and higher elevations
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Tasre 1. Selected climatic data for low-elevation sites in different regions of the Great Basin, Mojave Desert, and
Colorado Platean. Values are hased on averages for the U.S. Weather Burean stations indicated. The three divisions of the
vear presented here reflect ecologically relevant units, hut are imequal in length. The tive months of October-Febrnary
represent a period of temperature-imposed plant dormancy and winter wdnuﬂ(’ of soil moisture. The spring months of
March-May represent the potential growing period at cool temperatures imedis eh following winter recharge. The
summer and ear I fall from fune throngh Se pt« ‘mber represent a potential warm growing season in arcas with sufficient
SHINNCT Tail or aeeess tm)lh( rnoisture sources

Total precipitation Mean tcmpcmtnr('
Region Map # Weather Elevation Aunual Oct-Feb Mar-Mav Jun-Sep Ammal Oct-Feb Mar-May Jun-Sep
Fig. 1) station (m) () (%) (Y% () e ) (°C) cC)
Northern 1 Fort Bidwell 1370 102 63 24 13 9.0 3.0 S.0 17.3
Great Basin 2 Reno 1340 152 61 24 15 9.5 383 S 15.0
2} Elko 1547 250 32 29 19 7.6 0.1 71 17.5
{ Snowville 1390 300 13 33 24 e 0.7 6.2 1S4
Southern 5 Sarcobatus 1225 S5 45 22 33 385 6.4 12.5 23.1
Great Basin 6 Caliente 1342 226 47 24 29 1.7 4.1 11.2 213
7 Fillmore 1573 369 4 34 22 11.0 () 10.0 21.7
Mojave Desert S Trona 517 102 70 19 11 19.0 11.3 154 29.0
9 Beaverdam 570 169 50 23 RAY 183 11.0 16.9 25.6
Colorado 10 Tanksville 1313 132 36 19 15 11.4 2.1 11.5 22.5
Platean 11 Grand Junction 1478 211 39 25 36 11.3 24 10.9 229
12 Blanding 1541 336 48 19 33 9.7 2.1 ST 19.9
13 Tuba City 1504 157 35 21 11 12.6 4.5 12.0 225
14 Chaco Canyon 1567 220 35 20 45 10.3 2.6 94 20.6

of the Colorado Platean, whichi is thonght to be  internal drainage typical of the Great Basin. In
acritical feature ensuring soil moisture recharge — this paperwe address the salient morphological,
and w reliable spring growing season (West — physiological, and phenological specializations
19S3. Caldhwell 1985, D()l)m\\ ()]sk] etal. 1990).  of native plant species as they relate to survival
During the winter period. precipitation is gen- — and growth under the constraints of these
erally in excess of potential evaporation, B o l)()t(‘nt](l”\ stresstul limitations. We emphasize
tmnln ratures do not permit growth or photo- (1) edaphic factors, partientarly soil salinity and
synthesis, and exposed ])Lmtx may experience tc\tmo, and (2) the climatie regime ensuring a
shoot desiceation due to dry winds and frozen  [air Iv dependable. deep spring w(hartre of soil
soils (Nelson and Tieman 1953). Strong winds moisture despite the overall aridity. as factors

can also cause major redistributions of the snow- molding plant adaptations and ploduung the
pack.  sometimes  reversing  the  expected  unique aspects of the regional plants and vege-
increase in preeipitation with elevation and  tation. The m yjority of 00 (Crrerits kv e o

having impm‘hmt consequences to )Lmt distri-  mode mtel\ high elevations (4000 ft and above).
butions (Branson etal. 1976, Sturges 1977, West - and it is ()(cnp]od by cold desert plant commu-
and Cabdwell 1953). The important growing  nities. Relerenee to “the Great Basin™ and its
seasont is the ool spring when the soil pmf}lo is  environment in this paper will refer to this high-
recharged from winter precipitation: growth is — elevation region as distinet from that comer of
nstally curtailed by drving soils coupled with — the Mojave Desert that occupies the sonthwest-
high temperatures in carly or mid-snmmer. A e corner of the Great Basin geographic unit
clear picture of this climatie regime is essential -+ (Fig. 1). Our emphasis will be placed on these
to any discussion of plant adaptations in the  cold desert shmb commumities in- both the
region. Great Basin and the Colorado Platean ranging
A second major featnre affecting plant per- - from the topographic low points of the saline
formance is the prevalence of saline sofflssed plavas or canvon bottoms np to the pinvon-juni-
by the combination of low precipitation and the — per woodland. The lower-elevation, warmer,
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Great Basin

Mojave

D Colorade Plateau

Fig. 1. Distribution of the major desert vegetation zones
in the Great Basin and Colorado Platean. Nunibers indicate
locations of climate stations for which data are l)l'(‘\'t‘ntt’(l n
Table . Most of the Mojave Desertindicated is geologically
part of the Great Basin, but, due to its lower elevation and
warmer temperatures, it is climatically distinet from the rest
of the region.

and drier Mojave Desert portion of the Great

Basin will be considered primarily as a point of
comparison, and for more thorough coverage of

that region we recommend the reviews by
E]l](‘nngu (1955), MaceMahon (19SS), and
Smith and Nowak (1990). For the higher mon-
tane and alpine zones of the desert momntain
ranges, the reader is referred to reviews by

Vasek and Thorne (1977) and Smith and Knapp

(1990). We are indebted in our own coverage of
the cold desert to other recent reviews. inclnd-

ing  Caldhvell (1974, 1955), West  (195S),
Dobrowolski et al. (1990), and Smith and

Nowuk (1990).

The Creat Basin and the Colorado Platean
share important elimatic features such as overall
aridity, frequent summer dronghts, and conti-
nental winters: vet thev differ in other eqgually
mportant features. Tempvmtmes on the Colo-
rado Plateau are similar to e jivalent elevations
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in the southem Great Basing but sunnmer pre-
cipitation is substantially greater on the Colo-
rado Platcan (Table 1), Soils and drainage
patterns also differ in crucial ways. The l|wh~
lands of the Colorado Platean generally (]mm
into the Colorado River svsten Inomany areas
extensive exposire of marine shales from the
Chinle, Mancos, and Morrison Brushy-Basin
formations weather into soils that restrict p]zmt
diversitv and total cover dne to high concentra-
tions of NaSOy. und the formation of “clavs that
do not allow water infiltration (Potter et al.
19S5). In other arcas muassive sandstone out-
crops often dominate the landscape. Shrubs and
trees may root throngh very shallow rocky soils
into natural joints and cracks in the substratum.
Deeper soils are generallv acolian deposits
forming sands or Sdll(]\ loanns. In contrast, high
elevations of the Great Basin drain into closed
vallevs and evaporative sinks. This vesnlts in
greater average salinity in the lowland soils of
the Great Basin, with NaCl being the most
common salt (Flowers 1934). and a more exten-
sive development of halophytic or salt-tolerant
vegetation. Soils tend to be deep, especially at
]()\\(l elevations. and Vary in texture from L]d\’
to sandy loams. Summer-active species with
different photossuthetic pathways, such as €,
grasses and CAM succulents. are poorly vepre-
.scnte(l in much of the Great Basin, but the
combination of increased summer rain, sandier
soils. and milderwinters at the lower elevations
of the Colorado Platean has resulted ina greater
expression of phenological diversity:

The interactions of edaphic factors and ¢li-
mate are complex and ()Hen subtle in their
effects on plant performance. Furthermore,
plant distribntions are rarcly determined by a
sm(flc actor thronghout their geograpliic range.
even thongh a smtf]v fuctor may appear to con-
trol distribution in the contest of a Tocal Ceosys-
tem. Species-specitic characteristies gene m]l)
do not impart a narrow reguirciment for a spe-
cific enviromuent. but rather a nnique set of
“ranges of tolerance” to a large array of environ-
mental parameters. In different envirommnental
contexts, ditferent tolerances may be more lim-
iting. both abiotic and biotic interactions may be
altered. and the same set ()fsp(‘(-ivs may sort ont
in different spacial patterns. A further conse-
quence of this s that a local combination of
species, which we might refer to as a Great
Basin plant commmity; represents a region of
overlap in the geographically more extensive
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and generally unique distributions of each com-
pone nt species. In fact, the distributions of spe-
cies conmmonly associated i the same Great
Basin (()mnmmt\ may be \tl()ll“l\ contrasting
outside the Great Basin. This is an (S\(]]tldl
point in attempting to discuss plunt u(lzlptutmns
with the implication ol cause and eftect,
hecause few species discussed will have astrict
and exclusive relationship with the environment
of interest. Unless we can show local, ccotypic
differentiation in the traits discussed, we need
to take a broad view of the relationship between

environment and plant characters. In a few

instances, a small mmiber of edaphic factors and
plant characters. such as tolerance of very high
salinity in soil with shallow groundiwater, seem
to be of overr iding lml)omm( e. Inmost cases we

need to ask, \\lmt are the common elenents of

climate over the diverse ranges of all these spe-
cies? One such common element, which will be
emphasized throughont this review, is the
importance of reliable winter recharge of soil
moisture in anarid to semiarid climate. By iden-
tilying such common elements and focusing on

t]](’l]l. we (l() not fu]l\ (l(’S(']'il)C tll(’ ill]t(‘(.‘()l()g)' ()1‘

any spe(-ies, but we attempt a cogent treatient
of plant adaptations to the Great Basin environ-
ment, and an c\p]unuti(m of the uniquv features
of its plant commmnities.

CLIMATE, EDAPHIC FACTORS. AND PLANT
DISTRIBUTION PATTERNS

Typical zonation patterns observed in spe-
cies distributions around l)]zl)‘zls (the saline flats
at the bottom of closed-drainage basins) are

quite dramatic, reflecting an overriding effect of

salinity on plant (hsm])nnon in the Great Basin.
\1(>\n|<f out from the basin center is a tml(ll( nt
ol decreasing soil salinity often (()ll(‘]dt(’(l with
progre ssn(*]\ coarser-textured soils. Along this
aradient there are (unsplumm specics 1(1)](1( -

ments, often resnlting in concentric zones of

contrasting vegetation (Flowers 1934, Vest
1962). In the lowest topographic zone, saline
groundwater may be vervuear the surface, Soils
are very saline, fine te \llm(l, and snlv]((l to
occasional flooding and anoxic conditions. In
this covironment the combination of available
moistnre with other potentially stressful - soil
characteristics seems to he more import;lnt than
climatic factors of temperatire or scasonal rain-
fall patterns. Species found here, sueh as desert
saltarass — (Disticllis  spicata).  pickleweeds
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(Allewrolfia occidentalis and Salicornia spp.),
and  greasewood  (Sarcobatus  vermiculatus).
iy’ themselves show zonation due to degrees
of tolerance. They tend to ocenr in close prox-
imity, however, on the cc dges of salt playas, saline
flats with shallow water hl])lc . dﬂ(l near saline
sceps over a wide range of elevations, tempera-
tures, and seasonal rainfall patterns in both the
Great  Basin and  southern  warm  deserts
(MacMahon 1955). This relative independence
of distribution from prevailing climate is a spe-
cial characteristic of strongly halophytic plant
commnmities throughout the world and reflects
the overriding imiportance of such extreme
edaphic conditions. Species found on better-
drained. moderatelv saline soils, where ground-
water is not f(mnd within the lootnw 70ne,
include  winterfat  (Ceratoides I(/nui(ﬂ and
shadscale (Atriplex confertifolia). These species
are, in turn, replaced at higher elevations andlon
moister, nonsaline soils ])\ big sagebrush (Arte-
inisia tridentata), d])})]tl)]ll%]] (Im/snf]mmum
sp.). bitterbrush (Purshia sp.). and spiny hop-
suge (Grayia spinosa). Shadscale is often found
in arcas where soils are notably saline i the
lower half of the rooting zone, bnt not in the
npper soil lavers. Snch a tolerance of moder-
ately saline soils seems to control its distribntion
around plavas. especially in the wetter, eastern
portion of the Great Basin (western Utah) and
lower elevations in the warm Mojave Desert. In
the more arid regions of western and central
Nevada, however, the shadscale  community
occurs widely on nonsaline slopes lower in ele-

vation, warmer, and drier than those dominated
by big sagebrush. These higher bands of
shddsmlc have Dbeen varioushy: interpreted in
terms of aridity tolerance and climate ( Billings
1949) or an association with limestone- (l()mcd
calcarcons soils  (Beatley 1975). The  latter
anthor l)()ints‘ out that even on nonsaline soils
percent cover in the shadscale (omnmmt\ is
lower than expecte -« for the level of pl(uplm-
tion. and argues that this indicates stress from
edaphic factors. Thas. shadscale distribution is
most correlated with salinity tolerance in some
regions and other edaphic and climatic toleran-
ces inother regions.

Where the higher elevations of the Great
Basin come in contact with the lower-elevation,
generallv drier, and warnmer Mojave Desert
x('gmn, u)nmmmt]( s dominated l)\ creosote
(Larrca tridentata) 101)1‘1('0 s.lg(’]nush COmn-
nities on nonsaline  slopes and  bajadas.
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Shadscale can be fonnd both on saline soils at
very low elevations in the Mojave and as a tran-
sitional band at high elevations between ereo-
sote and sage e oLl it o PRl ld ese e
shrub commnmities. adapted to continental win-
ters and a cool spring growing scason, can be
formd thronghout the winter-rain-dominated
Mojave Desert region as a high-clevation band
onarid monntain ranges. They also extend to the
southeast at high elevations into the strongly
bhimodal [m‘()p)t wion regime of the ( olorado
Platean, and northward at low elevations into
Idaho, Washington, and even British Cohunbia.
Moving up from bajadas of the southem warm
deserts, there appears to be no suitable combi-
nation of temperature and ])I((ll)]tdtl(m at anv
clevation to support floristic elements of th(*
cold desert. As precipitation increases with alti-
tude, zones with (‘(lni\‘zllont total precipitation
do not vet have cold winters and are occupied
by warm desert shirab comnumities grading into
chaparral composed ol irelated taxa. Ihgher
elevations with cold winters have snfficient pre-
cipitation to support forests. Other elements
common in shadscale and mixed-shrob conmmn-
nities of the Great Basin, such as winterfat and
budsage (Ariemisia spinosa). are often found
ontside the Great Basin in cold-winter but
largelv simmer-ramfall grasstands.

From these patterns of commumity distribu-
tion within the Great Basin and Colorado Pla-
teau. and also from a consideration of the more
extensive ranges and affinities of the component
species, we canisolate a few key features of the
environment that are largely responsible for the
uigne plant featnres seen in the Great Basin,
The most obvious features are related to the
patters of soil salinity and texture generated by
the overall aridity combined with either internal
drainage basins or the in situ weathering of
specific rock types. The most important climatic

variables are slightly wore subtle. There is
clear l\ not a 1(*(1\111( m(’nt for exclusive l\ winter
rainfall, but there is a re quirement for at least a
substantial portion of the ammal raindall to come
during a continental winter. This permitswinter
accunudation ()l'pr(‘(-ipit;ltinn toagreater depth
in the soil profile than will occur in response to
less predictable sunmmer replenishment of
diving soil moistire reserves. Under an overall
arid clnnatv winter recharge maintains a pre-

dic tably favorable and (l()mm.mt spring growing
season even in many arcas of strongly hlmmld]

rainfall. Most of the physiological, ll)()l'l)])()]()(fl-
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cal, and phenological traits found in the domi-
nant shrbs reflect the priman importance of
such a cool SPring growing scasoil.

PHOTOSYNTHESIS

PHOTOSYNTHETIC  PATHWAYS —The pro-
cess ol photosynthesis in plants relies on the
Llcqm&ltlon ol COs from the atmosphere, which,
when conpled with solar energy, is transformed
into organic wolecules to make sugars and pro-
vide for plant growth. In moist climates plant
comnunities often achieve closed canopies and
100% cover of the ground surface. Under these
conditions compe tition for light may be among
the most nportant pl;mt-p]unt interactions. In
the deserts total plant cover is mich less than
100%, and in the Great Basin closer to 23%.
Photosynthesisisnot greatly limited by available
]W]lt bllt rather 1)\ water, mineral nntrients
needed to s\nlhosl/c enzyvimes and maintain
metabolism. and maximum canopy leat-arca
development.

Three biochemical l)dtl]\\ll\S ol photosyn-
thesis have been deseribed in plants tlmt differ
in the first chemical reactions associated with
the capture of CO, from the utm()sph('rv. The
most common and most fnn(lum(mtul of these
pathwayvs is veferred to as the C; pathway
becanse the first product of ph()t(mnth(\sn is a
3-carbon molecule. The other two pathways, C;
and CAM. are basically modifications of the
primary C; pathway (Osmond et al. 1952). The
Cy pathway (fivst producet is a “-carbon mole-
cule) is a morphological and  biochemical
arrangement that overcomes pll()tm'vs])irutiml,
a process that results in rednced photosynthetie
rates in Cy pl;mts. The C, l)ilt]l\\".l_\' can confer a
wmch higher temperatnre optinn for photo-
synthesis and a greater water-nse efficiency. As
water-nse efficieney is the ratio of pll()t()s\n-
thetic carbon gain to transpirational water loss,
Caa l)l(mts have a metabolic advantage in hot, dry
environments when soil moisture is available, In
arasslands C; grasses become dominant at low
clevations and low latitudes where annal tem-
peratures are wannest. In interpreting l)l;mt
distribution in deserts. the scasonal pattern of
rainfall usnally restricts the periods of plant
growth. and the te mperature during the mm\
season is thus more important than mean annital
temperature. The C; pathway is often associate d
with summer-active species and also with plants

of saline soils. While C; grasses predominate in
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most of the Great Basin, C; grasses hecome
increasinglyv importantas sunmmer rain inereases
to the south, and especially on the Colorado
Platean. Haloplhvtic 1)1 mts are often Cy, sneh as
saltbush (Atviplex spp.) and saltgrass (Distichlis
spp-). and this may give the l)l‘mt.\ acompetitive
advantage from increased water-nse efficiency
on saline soils.

The third photosynthetic patliway is CAM
photossnthesis (C rassulacean Acid Metabolism).
CAM plants open their stomataat night, eapture
COs and store it as malate in the cell vacuole,
and keep their stomata closed during the day
(Osmond et al. 1952). The COs is th(-n released
from the vacnole and nsed for photosynthesis
the following day. Because the stomata are open
onh at night when it is cool. water loss associ-
ated with CAMI photm\'nth(*s‘is‘ is greatly
reduced. This pathway is often fond in sucen-
lents such as cacti and agave, and, although
CANMI pl:mts are present in the Great Basin, tlm)‘
are arelativel minor e« naponent of the vegetation.

l’h()t()s\nth( tic rates of plants, like most met-
abolic processes, show a strong temperature
dependence. 1 slmll\ ])]1()t()\\lltht tic rates are
reduced at low temperatnres because of the
temperature dependence of enzyme-catalyzed
reaction rates, increase with temperature mltll
some maximim value (which defines the “tem-
perature optimum”) and then decrease again at
]1itf11(>1’ temperatures. The te mperature ()ptimzl
an(l maxinunm p]mtosn)tll(*t]c rates of mets
shiow considerable variation, and they generally
reflect the growing conditions of their natural
environments.

PHOTOSYNTHETIC  ADAPTATION —In  the
s']n'inlf the pll()t()svntlwtic t(*m])m"&tm'c ()I)timu
of the dominant shrab species are typically as
lowas 15 C (40 F) (Caldwell 1985), correspond-
g to the prev dll]]l” environmental t(llnl)(*m-
tures (midday maxima generally less than 20 C).
As ambicent te mpe ratures rise 10-15 C i the
simner. there is an npward shift of only 5-10 C
in the photosynthetic temperature optima of
most shmibs, conpled with a slower decline of
photosynthesis at high temperatures. The max-
mum I)llolos_\nlh('ti(' rates measnred in most
Great Basin shimbs under either natural or irri-
aated conditions range from 14 to 19 pmol CO;,
s o DePnit and Caldwell 1975, Caldwell et
al. 1977 Evans 1990). These rates are (ite
modest compared to the high imaima of 25 to
45 pmol CO. = s observed in imany warm-
desert species adapted to rapid growth at higher
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temperatures (Ehleringer and Bjorkman 1975,
Moonev et al. 1978, (mnsto(l\ and Ehleringer
1984, 1988, Ehleringer 1985). This p]esnnn.lbl)
reflects the specialization of these Great Basin
shrubs towards utilization of the cool spring
growing season. Positive photosynthetic rates
are m‘unt(une*d even when leal temperatures
are near freezing. which permits photosynthetic
activity to begin in the very early spring (De Pnit
and Caldwell 1973, Caldwell 19853).

Unusuatly high nuL\mmm photosynthetic
rates of 46 wmol CO, m?s™ have been e ported
for one irrigated Great Basin shrub, rabbitbrush
(Chrysothanms nanscosus) (Davis et al. 19585).
This species is also umusual in having a deep tap
root that often taps gronmdwater imusnally high
levels of summer leaf retention (Branson et al.
1976). and continned photosynthetic activity
throughiout the summer drought (Donovan and
Ebleringer 1991). All of these characters sng-
gest greater ph()t()s\nthvtlc dctl\it\ dnnn(f t]w
warm summer months than is found in most
Great Basin shrub species.

SHOOT ACTIVITY AND PHENOLOGY.—Gener-
ally spml\nw there is a distinet drought in early
simmer (ime=Jnhv) in the Great Basin Cold
Desert, the Mojave Desert, and the Sonoran
Desert. All of these deserts have a substantial
winter procil)ituti()n season, it the\' differ in
the lmpmtm(c of the summer and earlv fall
rainy season (Julh—October) in supporting a dis-
tinctive period of plant growth and activity
(MacNMahon 198S). The relationship between
climate and plant growing season is complexand
includes total rainfall. seasonal distribntion of
rainfall. and predictability of raintall in different
SCASONS as impm't;lnt variables. Furthermore, in
very arid areas the seasonality of temperatures
may be as important as that of rainfall. In the
Great Basin, eold winters allow the moisture
[rom low levels of precipitation to accimnlate
in the soil for spring use. while hot smnmer
temperatures cause rapid evaporation from
plants and soil. Thigh temperatinres can prevent
wetting of the soil profile bevond a few centime-
ters dvpth in response to simnmer rain, even
when simmer rain aceonnts for alarge fraction
of the annnal total (Caldwell et al. 1977). As total
annual rainfall decreases, the relative impor-
tance of the cool spring  growing season
increases as the only potential growing periodin
which available soil moisture approaches the
evaporative demand (Thomthwaite 1948, Com-
stock and Ehleringer 1992). Finally, rehability




1992]

of moisture is important to p(*rvnnial]s, and as
average total precipitation decreases, the vari-
ance  between  vears  increases  (Ehleringer
1955): variability of annual pwupxmtmn is (]1\-
cussed in more detail later in the section on
amials and life-history diversity. Smmmer rain
is more likelv to be concentrated in a few high-
mt(*ns]t\ stm ms that may not hdppen even vear
ata given site and may canse more rmoff when
theyv do occur. The d[)l]ll} of moisture from
winter rain to acenmulate over several months
greatly enhances its reliabilitv as a moisture
resource. Thus, most plants in the Great Basin
have their primary growing season in the spring
and early summer. Some species achieve an
evergreen canopy by rooting deeply, but few
species ocenr that spv(mllm on growth in the
hot summer season (Branson et al. 1976, Cald-
well et al. 1977, Everett et al. 1950). Ehleringer
et al. (1991) measured the abilitv of common
perennial species in the Colorado Platean to use
moisture  from summer convection stors,
Thev observed that less than half of the water
uptake by woody perennial species was from
surface soil lavers saturated by summer rains,
Prevalence of summer-active species inereases
along the border between higher basins and the
southeast Mojave Desert where stunmer rain is
more extensive, and especially on the Colorado
Platean where sunnmer rain is greatest. Simmer
temperatures are also lower on the Colorado
Platean than i the castern Mojave (Table 1),
allowing morve effective nse of the moisture.
Most phenology studies. especially from the
more northem areas. emphasize the divectional,
sequential nature of tho phenological phases
(Branson et al. 1976, Sauer and Uresk 1976.
Cambell and Ilarris 1977, West and Gastro
197S, Pitt and Wikeem 1990).
spring vegetative growth is usually followed by
a single period of flowering and reproductive
arowth. Manv species produce a distinet cohort

of ephemeral spring leaves and a later cohort of

evergreen leaves (Danbenmire 1975, Millerand
Schultz 1987). For wmost species, multiple
arowth (*piso(l(‘s associated with intermittent
spring and summer rainfall events do not occnr.
In vears with nnusually heavy Augnst and Sep-
tombel rains, i (lmtmct seum(] pe n()d of v egeta-
tive gm\\th iy occur in some species (\\'vst
and Gastro 1978). Climatic variations fron vear
to year do wot change the primary nnpmunw
of spring growth or tl)e order of phenological
events. In l)anicu]ur vears, tlw_\‘ may canse
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expansion or contraction of vegetative phases
and even the omission of reproductive phases.

Most species initiate growth in ¢ (11‘1\' spring
(March) when maximuni daytime temperatures
are 5-15 C and while lIIU'llttlln(‘ temperatures
are still freezing. Del: 1\((! initiation of spring
growth is gene srallv associated with areater
stmmer activity and may be related to an ever-
grecn habit, a p]m at()pln'n( habit, or occiupa-
tion of habitats with greater suunner moisture
availability  from 1(*g1()nd| rainfall patterns,
runoff, or gronndwater. Higher-than-average
winter and spring precipitation tends to prolong
vegetative  growth and delay reproductive
growth till later in the summe 1'(94111(-1‘ and Uresk
1976, Cambell and Harris 1977). Strong vegeta-
tive dormaucy may be displaved in mid-smmnmier
(Everett et al, 1‘)3() Evans 1990), dlt]l()ll("ll root
growth (Hodgkinson et al. 197S) and increased
reproduction (West and Gastro 1975, Evans,
Black, and Link 1991) wav still occur in
response to rain at that time. In vedrs with
below-average spring and snmmer precipita-
tion, leaf senescence is accelerated and Nower-
ing may not occur in many species.

The time taken to complete the full annual
growth evele including hoth vegetative and
reproductive stages is stronglv related to rooting
depth in most of these connmumities. with deep-
rooted species prolonging activity further into
the suminer dronght (Pitt and Wikeem 1990).
The exact timing ()fﬂt)\\( ring and fruit set shows
considerable variation among different shrub
species.  Some.  especially those  that are
drought-deciduons. flower in late spring and
carly summer just prior to or concurrent with
the onset of simmer drought. Nlany evergreen
shrab species begin flowe ring in lnl(]sunnm]
(Artemisia) or in the f(all (Gutierrezia and
Chrysothamnnus). These late-tlowering species
generally do notappear to utilize stored resenves
for ”()\\(‘l)]l" but relv on cnrrent photosyuthe-
sis churing this least favorable period. In the case
of Artemisia tridentata. it has heen shown that
carbolivdrates used to fill {mits are derived
('xclnsii'vl'\' from the inflorescences themselhves,
while photosynthate from vegetative branchies
pr(*sunm})ly continues to support root agrowth.
Summer rain during this time lwri()(l does not
promote vegetative shoot growth bt does
increase water use by and the nltimate size of
inflorescences (Evans 1990). Evans, Black, and
Link (1991) have argned that this pattern of
flowering. based on residual deep soil moisture
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and the unreliable snmmer rains, may contrib-
ute to competitive dominance within these
commmmities. The more favorable and much
more reliable spring growing season is nsed for
vegetative gr()\\'l]‘n and (‘01111)(‘titi\'e (*.\'l)]()itzlti()n
of the soil volume, while reprodnctive growth is
delavedimtil the less favorable season, and may
be suceesstul onlv in vears with d(l(‘([lldt(’
summer pre (11)1t¢1t1()n.

Most grasses in the northern part of the
Great Basin utilize the Cs patliway and begin
arowth very early in the spring. These species
(()mplvte fruit maturation by carlv or mid-
summer, often becoming at least pdrtml]\' dor-
mant thereatter. On the € A()Imdd() Platean, with
much greater amounts of summer 1)1'en-1p1tut1()11,
there is a large increase in species nuniber and
cover by €y grasses such as  Dluestem

\u(/mpmf(m) ‘md grama (Bontelona), espe-
ciallv at warmer, lower elevations and on deep
dl]d\ soils. Many of these species occur in
mived stands with the Cy species but delay ini-
tintion of growth nntil May or June; they can be
considered smmmer-active rather than spring-
active. In contrast, some C; arasses such as sand
dropseed  (Sporobolus  cryptandrus).  galleta
arass (Hilaria jamesiii), and three-avwn (Aristida
purpurea) are widespread in the Great Basin
where summer rain is ()n]\' moderate in I(m(f-
ternaverages an(l\en inconsistent year to ve
Spring growth of these wide splmd sp((lc
tends to ])e slightly or moderately delayed com-
1)(110(1 to co-ocenrring Cy grasses, but tlu\ are
still able to complctc all phenological stages
based on the spring moisture recharge. They
show a greater ability than the C; species to
respond to Jate spring and sunmer rain with
renewed growth (Everett et al. 1950), however.,
which compensates in some years for their later
(10\(1()1)111( nt. Other €, grasses in the Great
Basin may - be with — seeps,
streamsides,  or and  show

associated
silt-marshes,
snner activity patter. Cy shrubs such as salt-
bush CMriplex) show similar,  spring-active
arowth patterns to the Cy shrubs, but may show
\]l(']ltl\ arcater tolerance of simimer dmlmlul
,al(]\\( et al 1977).

Phenology in the Mojiuve Desert shows hoth
similarities and strong contrasts to the Great
Basin. Althougli rainfallis largely himodal in the
castern Mojave, absolute amonnts are veny low.
The summeris so hot that little growth nor lll(l”\
ocenrs at that time imless more than 23 mn (1
inch) comes in asingle storm (Ackerman et al.
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1950). Fall and winter precipitation is the most
important in pron'l()tinv good spring gr owth of
perenmials (Beatley  1974). (A)mstock et al

(19SS), looking at one years growth in 19
Nl()_|d\ e species, described an nnpol’[ant cohort
of twigs initiated during the winter period that
accomted for most vegetative growth during
the following spring. Althongh new leaves were
pro(luved in response to sunmmer rain, summer
growth in many of the species was largely a
hnthe ramification of spring-initiated ﬂ()ml
branches. In most species summer growth made
little contribution to perennial stems. Despite
the preferred winter-spring orientation of imany
shrabs, winter recharge is much less effective
and reliable in the Mojave Desert than in the
Great Basin, Due to warmer temperatures,
winter dormancy may be less complete, but
vigorous mowtln dlel\ occurs until tempera-
tures rise further in the early spring. Rapid
growth may be triggered by rising SPI’ill‘f tem-
peratures or may be del ayed antil nmajor spring
rains provide sufficient moisture (Beatley 1974,
Ackerman et al. 1980). Furthermore, a shal-
lower soil moisture rechurge often results in
fluctnating plant water status and multiple
episodes of growth and flowering during the
spring and early fall. Some Great Basin species
that also occur in the Mojave. such as winterfat
and shadscale, commonly show multiple growth
and reproductive episodes per vear under that
climate (Ackerman et al. 1950) but not in the
Great Basin (West and Gastro 197S). The
degree to which this difference is due entirely
to environmental differences as opposed to eco-
typic difterentiation does not appear to have
been studied.

WATER RELATIONS

ADAPTATION TO LIMITED WATER. —Stoma-
tal pores pm\](le the pathway by which atmo-
spherie CO; diffuses into the ](’drl(‘])](l(lnﬁ the
CO; incorporated into sugar molecules during
photosynthesis. Because water vapor is present
at very high concentrations inside the leaf,
opening stomata to capture CO, inevitably
resnlts in transpirational water loss from the
plant; thus, leal water content is decreased,
rexlllting in a deerease in l)hlnt water p()tentiu]
(W). Thus. plant water status, transpiration, and
acqnisition of water from the soils have a tre-
mendons ilnpalct on 1)]1()t()5}'11t}16tic~ rates and
overall plant growth.
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Many soils in the Great Basin are fine tex-
tured, which has both advantages and disadvan-
tages for plant growth. Infiltration of water is
stower in line-textured soils. increasing the like-
lihood of runoft and reduced spring recliarge.
especially on steeper slopes. Thevare also more
proue to \\'zll(’r-logging and anoxic conditions.
The deep root systems of Great Basin shrubs are
very sensitive to anoxia, and this can be a strong
determining  factor in species  distributions
(Lunt et al. 1973, Groeneveld and Crowley
195S). U mmmll\ wet vears may even cause root
dieback, (’sp((mH\ at de ‘pth. Once water enters
the soil profile. the extremely high surface areas
of fine-textured soils with ]nﬂh clay and silt
content give thenra much ]nUh( rwater holding

capacity than that found in sandv, coarse-tex-
tured soils. Much of this water is tighth bound
to the enormous surface area of the small
particles. however, and is released onlv at very
negative matric potentials. Plants must be able
to tolerate low tissue water potentials to make
nse of it.

As soil water is depleted during summer.
plants reduce water consimiption by closing sto-
mata (DePnit and Caldwell 1975, C alnl)oll and
Iarris 1977, Caldwell 19S5, Miller 198S) and
reducing total canopy leal area to a minimum
(Branson et al. 1976). Evergreen species shed
onlv a portion of the total canopy, however,
mamtmmn(r the vonngest leaf coliorts through-
out the (l]()lIUllt (.\l]”(’l' and  Sclinlz ]954,.
Although ph) siological activity is  greatly
recuced by water stress, evergreens snich as
sagebrish can still have pm]t]\e shotosynthetic
rates at leaf water potentials as l()\\ as —50 bars

(Evans 1990) and may survive even greater
]c\cls of stress. In contrast, crop ])Lmts can
rarelv survive prolonged W ofless than —15 hars.
Renaining functional at low water potentials
requires the concentration ol solutes in the cell
sap, and this appears to be accomplished by
several mechanisms. 1n many esic species,
increases i organic solntes may account for
most of the change in osmotic potential. Iivother
species, and especially those that experience

very low leal water potentials, a large fraction of

the solutes is acquired by the uptake of inor-
ganic jons such as K+ (Wi Jones and Gorham
1956). Iigh concentrations of inorganic ions
mav be toxic to enzyme metabolisim, however,
and they are w idelv t]mnrfht to he sequestered
largely in the central \dcnolo which accounts
{for 90 7% of the total cell volume, even though
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much ol the evidence for this is quite indirect.
Nonetheless, the osmotic potential of the evto-
plasm must also he balaneed or suffer de Ivdra-
tion. The evtoplasmic solutes must have the
special property of lowering the osmotic poten-
tial of the cell sap withont disrupting enzvine
function or cellular metabolism, and are hence
termed “compatible” solntes (Wyn Jones and
Gorlin 1956). The nse of spe cific molecnles
shows considerable variation across species
apparently due to both species-specific varia-
tions in cell metabolism and taxonomic relation-
ships. Some frequently enconntered molecules
thought to fimction i this manner inchide
amino acids such as proline and also special
sngar-alcolols. Some plants appear to generate
Jow osmotic potentials by activel manufactur-
ing larger quantities of dissolved’ organic maole-
(nles per cell in response to water stress, a
process referred to as “osmotic adjustment.”

This process may be costly, however, requiring
the investiwent of large amounts ol waterials
(mew solutes) at a time when water stress is
largelv inhibiting photosvnthetic activity. An
alternative method seems to involve dramatic
changes in cell water volume. Several desert
species have been observed to reduce cell water
vohnme by as much as SO% without wilting when
subjec ted to extre mely low soil water ])()tontmls
(Moore et al. 1972, Meinzer ot al, 19SS, Evans
et al. 1991). This allowed the leal cells to have
sufficiently low osmatic potentials for water
uptake even though solute content per cell was
actually reduced. \ltll()ll(’ln total solutes per leaf
(and presimably per ce 1) decreased, the rela-
tive concentrations ol specific solntes changed
(Evans et al. 1991 such that “compatible”
solutes made larger contributions to the osmaotic
])otcnti(ll under stress. Thus. tolerance of low
leaf water potentials was achieved by a comibi-
nation of anatomical and phy siological special-
izations. The anatomical mechanisins involved
in this magnitnde of vohnue reduction and the
implied cell elasticity have not been stndied. but
the process has heen ' shown to be fullv reversible.
Soil textnre is also an lmpmldnt factor in
determining the ability ol plant conmunities in
a cold-winter climate to rospon(l to stmmmer
rain. In arcas with moderate levels of precipita-
tion. sandv soils. because of their Tow water-
holding capacity, nsuallv hold a sparser. more
(]]()ll"]lt adapted vegetation than finer-textnred
ones. In warm. arid arcas, however. what has
heen called the “reverse texture™ effect results
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in the more lush vegetation occrring in the
course-textured soils. This occurs because the
high water-holding capacity of fine-textured
soils allows them to hold all the moisture
derived from asingle rainfall event in the upper-
most lavers of the soil profile, where it is highly
subject to direct evaporation from the soil. The
same amount of rainfall entering a sandy soil.
precisely becanse of its low water-holding

cap: acity, will penetrate toa mue h greater dopth
Itisalso less likely to retnm to the dnm(f surface
by capillany action. Less of the rain \\1” evapo-
rate from the soil surface, and a greater fraction
of it will await extraction and use by plants. This
inverse-texture eftect further restricts the effec-
tiveness of summer rains in the fine soils of the
Great Basin. The eftect is less operative in
respect to winter precipitation in the Great
Basin, however, becanse of the gradual recharge
of the soil profile to considerable depth nnder
conditions where surface evaporation is mini-
mized by cold temperatures. The combination
of much sandier
sunnner rainfall in the region of the Colorado
Platean is Targely responsible for the major Ho-
ristic and ('u)lom(al differences between the
two regions. At lower elevations on the south-
east edge of the platean. shrub-dominated
desert sernb mayv be replaced by grassland doni-
inated by amix of spring-active C; and summer-
active C; species.

ROOTING DEPTH. MORPHOLOGY, AND PHE-
NOLOGY —One of the nmqne and ecologically
most important features of the Great Basin
shrub commmities is not apparent to above-
around observers. This is the investment of the
vast majority of plant resonrces in the growth,
maintenance, and turmover of an enormous root
svstem. The dominant shrubs of the Great Basin
nsuatly root to the full depth ol the winter-spring
soil moisture recharge. Depending on soil tex-
ture, sl()p(‘ aspect, and clevation, this is gener-
allv hetween 1.0 and 3.0 m (Dobrowolski et al.

1990). Althongly this represents awide range of

absolnte depths, many of the qualitative pat-

terns of rooting behavior are similar on most of

these sites. Ratios of root:shoot standing hio-
Nass  range 4 to 7,
root:shoot anmmal carbon investment are as high
as 3.5, Most of the shrabs have a flesible, gen-

[rom

cralized root systenm with development of oty
deep taproots and laterals near the surface.
Moreover. it is the categon: of fine roots < 3.0
i in diameter that constitutes 50-93% (Cald-
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well et al. 1977, Sturges 1977) of the total root
biomass. The ven large annual root invest-
ments, therefore. are not primarily related to
large storage compartments, but to the turnover
of fine roots and root re Sl)lldtl()ﬂ necessary {for
the acquisition of water and mineral nutrients.

The fine root network thoroughly permeates

the soil volume. Root dvnsm(s are generally
cquite high throughout the upper 0.5 meters of
the pro 11(*, but (1( pth of maximum root devel-
opment varies with depth of spring soil-mois-
ture recharge. species, and lateral distance from
the trunk or crown. A particularly high density
in the first 0.1 m may often ocenr, (sp(*(mll
immediately imder the : hml) canopy (Branson
1976, Caldsell et al. 1977, Dobrowolski et al.
1990). Alternatively, nm\nnal density may ocenr
at depths between 0.2 m and 0.5 m (Slurtfe
1950), and sometimes a second zone oflnglnnot
density is reported at depths of 0.5 m
(Daubenmire 1975) to 1.5 m (Reynolds and
Fraley 1989). Regardless of the precise depth of
maximum rooting, shrub root (1<’nsity is 11511;111_\'
high throughont the npper 0.5 m and then
tapers off, l)nt mav continne at rednced densi-
ties to much <f1(-ate1 deptl) The radins of lateral
spread is usnal]\ much greater for roots (1-2 m)
than for canopies (1).1 ~0.5 m). Percent plant
coverabovegroundis often in the neighborhood
of 25% with 75% bare ground, but belowground
the interspaces are filled with raots thronghont
the profile, and root svstems of adjacent mets
will overlap. The perennial grasses that are
potentially co-dominant with slml])s in many of
these  communities, such as  wheatgrass
(Agropyron  sp.). wildrve  (Elpnus  sp.).
squirreltail (Sitanion histrix), Indian ricegrass
(Oryzopsis  lymenoides), and - galleta grass
(Hilaria jamesii). generally have somewhat shal-
lower root svstems than the shrubs (Branson et
al. 1976, Revnolds and Fralev 1959, Dobro-
wolski et al. 1990). Root densities of grasses are
often as high as or higher than those of shrubs
in the npper 0.5 m bt taper off more rapidly
such that shrabs usually have greater density at
depth and greater maxinmm penetration.

The moisture resource supporting the great-
est amonnt of plant growtli is usually the water
stored in the soil pmh]e during the winter, This
profile usually has a positive ])dl ance, with more
witer ])omﬂ a(ldc(] 1)_\ 1)1(’011)1t¢1t10n than is with-
dravn by evapotranspiration between October
and March. As te mperatures warm in March,
evergreen species may begin (]m\\m(f on this
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moistirre reserve, and most species l)(-gin active
arowtl in March or April. Due to both plant
water use and soil-surface evaporation, soil
maoisture is depleted first in the shallow soil
lavers. As the upper lavers div, plants withdraw
moisture from snccessive v dee per soil lavers, a
process that continues in evergreen specics
thronghout the sunmer mntil soil moisture is
depleted throughout the profile. This progres-
sion of scasonal water use beginning in superti-
cial Tavers and proceeding to d( eper soil lavers
is facilitated by the pattern of fine root (fl()\\tll
which shows a similar spatial and tvmpoml pat-
tern (Fernandez and Caldwell 1975, Caldwell
1976). Root Um\\th genel d”\ [)](’(‘(’(](‘\ shoot
agrowth in the carly spring and  continues
throughont the summer in evergreen species.
which may uppeur quiescent aboveground. In
annual but](rvts of undisturbed communities.
soil moisture  withdrawal — almost — always
;1[)171‘0;1('1103 measured precipitation over a wide
range of anmual fluctnations in total precipita-
tion, and very little moisture is lost to rnoff or
deep  drainage  beneath  the  rooting  zone

(Daubenmire 1975, Caldwell et al. 1977,
Cambelland Harris 1977, Sturges 1977). Calen-

lations of the l)mﬁ()n ()f(’\'zq)()tmnspirutinn actu-
allvused by plants in transpiration are quite high
for a desert enmvironment with low percent

cover; they range from 50 to 75% (Caldwell et
al. 191 7 Cambell and Harris 197 1,5“11‘}3‘8 1977).

(f()mln tition for soil moisture is not neces-
sarily limited to any single season. Plant water
stress is highest in late summer, and survival is
most ]11\(']\ to be influenced at this time, espe-
ciallvif one plant can deplete residual soil inois-
ture helow the tolerance range of another. This
has been shown in several cases with regard to
scedling establishiment (Harris 1977, Delacia
and Schlesinger 1990, Reichenberger and Pyvke
1990). Growtli and pr()(lu(-ti\'it}' are more ]ik(*l)‘
to be affected in the spmm and carly sunier
arowing season. This is because most of the
vear's water resource is already stored in the soil
in early spring, and all l)l.mts are drawing on a
dwindling reserve whicli ultimately determines
growing season length. Competitive ability is
often f ()un(l to be (ISQO(I(lt((] with an .\l)lllt\ to
begin using the limiting water resource carlier
in the spring (Eissenstat and Caldwell 1955,
Miller 198S). but spatial partitioning is also
imiportant, Competition may be most intense in
shallower  soil lavers  because and
dronght-deciduous shrubs, which are active

Irasses
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only in the spring. are shallower rooted, and
lateral root spread of the everareen species s
greatest in the shallower soil lavers. The more
dominant perennials usnally use more water
over the whole season by tapping deeper soil
lavers (Cline et al. 1977, Stmm s 19S0) and are
characterized by higher water-use efficiencies
(DeLncia and Schlesinger 1990, Sinedley et al.
1991).

Shirubs appear to be better than grasses at
withdrawing water {rom deep soil ]‘1\( rs for
several reasons. In shallow soils underlain by
fractured or porous bedrock. the {lexible, mul-
hplv taproot structure of a shrub root svstem
mav be better suited than the more diffuse,
fibrous root svstem of grasses for following
chinks and cleavage plaes to indeterminate
depths. This should allow shrubs to better cap-
italize on ([(’(’p, localized 1)0('1{(45 of moisture.
Unfortimately, such dvnamics are rarelv studied
quantitativel Iy because of the diff lcnlt\ of mea-
suring soil moistiure budgets or root distribu-
tions under such (()n(lm(ms but they are
ll]ll)ll(‘d[(‘(l by 1)[ mt distribution patterns i
many areas. Indeed, despite the visnal austerity
of such habitats, rooting into major joints and
cracks in bedrock onterops can create such a
favorable microsite by concentration of mmoll
in localized areas that clevational linits ol tree
and shrub distributions mnay be substantially
lowered as would he expec ted along riparian
corridors or other unusually mesic labitats
(Loope 1977). Even in dee P soils, shrmbs tend
to have deeper root svstens than grasses, but in
addition to thls shimbs may be more efficient
than grasses at extracting deep water. Shrubs are
sometimes able to draw on deep soil moisture
toa greater extent than wonld be predicted from
root biomass distribution alone (Sturges 19507,
and this is duc in part to an intriguing phenom-
enon reported by Richards and € aldwell (1987
and named by them “hvdraulic lift.” During the
late spring and e dl]\ swmmer most of the
remaining soil moisture is present in deeper soil
lavers where rooting density may be relative I\
[ow. Duie to low densities, dee p roots alone mav
be unable to absorh water as quickly as it is lost
by the transpiring shoot. During the night, water
is actuallv redistributed within the soil, Howing
from de ()p\()]l lavers through the roots and bac l\
out into shallower soil lavers. lh]x is the phe-
nomenon  named h\(]mn]l( lift,” and the
achvantage to the plzmt is thought to be a reduc-
tion in the rooting density necessany to fully
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exploit the resonrces of the deepest soil Tavers.
])nmw the dav, rates of water iovement fl()m
the S()]] into tllc roots can be Imntm(r to shoot
activity: Moistening the upper soil Ll_\( rs by noc-
turnal hydraulic lilt increases the root surface
arca for absorption during the periods of high
transpiration. Davtime water use can be sup-
ported by the ¢ ntire root svstem and not just by
the low-de nsitv deep roots (Caldwell and Rich-
ards 1959).

The root svstems of Great Basin shrubs and
Mojave Desert shirubs differ strongly in several
ways. (1) Mojave Desert shrubs often have max-
imal rooting densities at soil depths of 0.1-0.3
N, and maximim root penetration of 0.4-0.5m
(Wallace et al. 1980). These shallower roots are
due tolower rainfall and warmerwinter temper-
atures resulting in shallower wetting fronts in
the soil, and the development of shallow caliche
];1}1'11\: (2) Great Basin species have more roots
in the shallowest 0.1 w soil laver (Walluce et al.
1950, Dobrowolski et al. 1990). Differences in
soil temperatures have been used to explain
these patt( ms. but the link between canse and
effect is less obvious in this case, and conjec-
tures should be viewed can]tl(n]s]\ Much hotter
soil temperatures in the Mojave may be detri-
mental to roots in the uppermost few centime-
ters during simmer, and the rapidly drving soil
surface: may be too ephemeral a moisture
resonrce to favor large investments in roots, In
contrast. snowmelt and cooler spring tempera-
tures may result in less rapid evaporation from
the soil surface in the Great Basin and thus favor
more rooting l)\ pvunnials in that zone. (3)
Because of the greater soil volume exploited. as
well as the hl(fh root densitv of Great Basin
species, their ratios ol root: :shoot biomass are
about twice that of Mojave Desert species

(Bamberg et al. 1950, Dobrowaolski et al. 1990).

ADAPTATION TO SALINITY —When annual
precipitation levels are muceh lower than poten-
tiad (\dp()mtlon salts are not leached to anv
areat depth, and they can accumulate within the
root zonce. This is (wp(*(ml]\ important in associ-
ation with particular bedrock outerops. such as
the Mancos and Chinle shales, which release
high concentrations of salts dnring weathering

(Potter et al. 1953). Prec ipitation increases with
(]0\.1(1()” and. following major stormis or spring
snowmelt. there may be surface vunoff and
recharge ()l‘g:x ndwater svstems that transport
water from high clevations into closed basins.
Streams in the Great Basin nsnu”_\‘ teninate in
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evaporative pans where salinities reach extreme
levels and salts precipitate forming a surface
crust. The water table near the sc evaporative
pans is often at orvery near the surface through-
out the vear. but, if there is no aronndwater ﬂ()\\'
out of the basin, it too is often quite saline
(Dobrowolski et al. 1990). Salinities are lowest
onslopes and at higher elevations where precip-
itation exceeds  evaporative loss, and  they
increase on wore level terrain and in lower-ele-
vation basins where evaporation exceeds pre-
cipitation. Salinities may also be higher in areas
where wind-bome materials are transported
from saline plavas to surrounding slopes (Young
and Evans 19S6). These patterns of soil stlhmt\'
are 1mp()1t1nt n dctormmmvr p]dnt dlstnbu—
tions, with more specialized salt-tolerant spe-
cies (halophytes) replacing less-tolerant species
repeatedly along gradients of increasing salinity.
In general, species diversity is low on saline
soilS ey vast majority of tolerant shrub species
in our deserts, and all the shrubs specifically
mentioned in this section, belong to a smg]e
plant familv. the Chenopodiaceae (goosefoot
familv). Most other important taxa in the saline
communities are grasses.

In the most extreme case of hypersaline salt
flats and pans there may be standing water in
the wet season with saturating salt concentra-
tions. Under such conditions, onlv microflora
consisting of a lew species of photosyuthetic
flagelates, evanobacteria, and halobacteria are
commonly found. The halobacteriaappear to be
unigue in having adapted in an obligate manner
to the high salinities of these environments.
Thev not onlv tolerate. but require, high
(\1()1)1&\1111( sulinities for membrane stability
and proper enzvinatic function (Brown 1982).
In strong contrast to this, algae and all higher
plants growing in hyper- sllme environments
show severe inhibition of enzyme function at
high salinity. and they must compartmentalize
salt-sensitive metabolic processes in celhilar
regions of low ionic stwn«ftll (Munns et al. 1952).

The best definition of a halophite is simply
a met tolerant ol soil salinities that would
reduce the growth of inspecialized species. This
is somewhat cirenlar, and that reflects onr lim-
ited understanding of how halophytes do what
they do. lld]()l)h\ tes are more ]ll\e]\ to use Na+
in their tissnes for osmotic .x(]]ustlm nt, while
glveophyvtes are more likelv to have high K+
(Ielebust 1976, Flowers et al. 1977). but there
are mnnerous exceptions. Other diflerences
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may be more quantitative than gualitative. Var-
ious aspeets of mineral nutrition in halophytes
are less sensitive to high soil salinities. but
miique mechanisms to aclieve this tolerance
have rarely beenidentified. Ttis widelvheld that
the ability t()u)ml)artmentah/(* salts and restrict

liigh Na+ concentrations to the vacnole is of

(mcml importance (Caldwell T974, Flowers et
al. 1977, Briens and Larher 1952). This conclu-

sion is based primarily on indirect evidence of

low enzme tolerance ol salinitv, however,
-ather than direct measurements of actual salt
comp;ufnlc'ntahzntlon (Munns et al. 1982,
Jelteries and Rudmik 1954

Halophytes differ in which ions reach high
tissue concentrations when all plants are grown
on the same medinm (Caldwell 1974). Some
will concentrate (‘l~ fm instance, while others
concentrate SO, These differences do not
necessariby (letelmme plant distributions, snch
as occurrence in soils dominated by NaClversus
NaSOy,, but rather seem to reflect different reg-
ulatory specializations in plant metabolism
(Moore et al. 1972). A strong requirement for a
unique composition of soil salts is the exception
rather than the rule, and the most important

effect of soil salinity seems to be a disruption of

plant water relations from low soil osmotic
potentials rather than toxic effects of specific
ions. Halophvtes tolerate these conditions by
having better regulatory control over ion move-
ment \\1thm th(* l)l(mt, ion compartmentaliza-
tion at both tissie and subcellular Tevels, and
better homeostasis of other aspects of mineral
nutrition in the presence of veny liigh Na+.
Salinity poses three major pl()])]( ms for
l]l"]](' p]dnts First, salts in the soil solution
(‘0]11]’1])]1{(’ an osmotic l)()t('l)t](l] (](’])wssm(r the
soil water potential, and this inay he aggravated
as salts become concentrated with soil drving.
Even when substantial moisture is present,
l)lelnt tissues must endure very low water poten-
tials to take it np. and this requires a specialized
metabolisin. Second. anv salts entering the plant
with the transpiration stream will be left hehind
in the leaf intercellnlar flnids as water evapo-
rates from the leaf. This can result in salt
buildnp in the intercellilar solution cansing
water movement ont of the cells and leading to
cellular dehydration. Third. salts entering the
evtoplasm in high concentration will disrpt
enzvime fimetion. Haloplates are able to deal
with all of these factors over a wide range of soil
salinities. Halophyvtes show a greater capacity
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for osmotic adjustinent. and positive photosvn-
thetic rates can be measured in the leaves of
many halophivtes at leal water potentials as Tow
as =90 to - 120 bars « Caldwell 1974) well helow
the range that would result in death of even
desert- a(ldpt(d alvcophvtes. This s
plished in part by transforming the available
salts in the environment into a resource and
using them for osmoticain plant tissues (Moore
et al. 1972, Bennert and Schimidt 1951). Many
halophytes actually show stimulation of growtly
rates at moderate environmental salt levels,
Halophvtes too nmst deal with the problem
of salt buildup in the leaves. and thev do so by a
wide variety of processes. There is a great deal
of 111[(‘1\1)@(1f10 ‘ariation in which methodis) are
used. All the methods appear to incur substan-
tial energetic costs associated with maintaining
high ion concentration gradients across key
membranes (Kramer 1953). Exclusion of salts at
the root is possible; this is the method most
emploved by \\]l]t(’lldt Ceratoideslanata). Salt-
bush (\trz})/r v ospp.) has specialized hair- l)](l(l
ders on the leal surface into which excess salts
are actively pumped. The hairs eventuallv mp-
ture, (-\u(tm(f the salts to the outside. Other
plants mayv transport salts back to the root via
the phloem. Manv plants exhibit increased leaf
succulence when grown under high salinity, and
this increase in cell volume can ereate a sink for
salts within the leaf without raising salt concen-
trations or fnrther lowering leaf osmotic pote ntial.
In strong contrast to the evident Importance
of temperature and rainfall pattern in favoring
Cs versns Cy grasses, Cy shrubs tend to belong
to edaphic commnmnities associated with saline
soils. ']]1(‘ saie species may ocenr in both warm
and cold deserts, and in arcas with both winter
and summer rainfall patterns. This is an intri-
aning difference. bt the physiological basis
]11)]\mu C, shrubs with high s.l]mlt\ is less well
mde 1\t<)()(1 than the tradeoffs associated with
temperature and controlling C; and €, grass
distributions.  Species number and - percent
cover by shrubs sncl as saltbush (Atriplex spp.)
and inkweed (Sieda spp. ). which possess the €
pathway, nsually increase  dramatically mrh
increasing s.l]lmt\ on well-drained soils. In
marshy Labitats or soils with a shallow; saline
water table, however. h: alophytic C; species such
as pickleweeds (Allenrolfia spp. and Salicormia
spp.)  and  greasewood  (Sarcobatus  ver-
miculoides) regain dominance. Tt has been sng-
gested that hicher water-nse efficiency by €y

ACCON1-
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species may be advantageous on saline soils to
hielp avoid salt buildup in the leaf tissnes. How-
ever, it has not heen shown that transpiration
rate is an important factor controlling salt
buildup in the leaves of halophytes when com-
pared with other  regulatory  mechanisms
(Osmond et al. 1982). nor does this hy 1)()t]1es1s
explain the dominance of Cs species in wet
saline soils. In the greasewood and picklesveed
conmmunities, soil salinities are extreme, but
soils remain wet throughout the growing season,
or else groundwater is available within thv root-
ing zone (Detling 1969, Hesla 19S4). As a con-
sequence, plant water potentials do not reach
the extreme low values of the saltbush commu-
nities. Over awide range of soil salinities, plants
such as greasewood appear to draw on readily
avs dl]dl)](’ deep soil moisture, and high leal con-
ductances  are maintained  throughout  the
summer (Hesla 1984, Romo and [[uﬁ*rcmnp
1999). The highest whole-plant water-use rates
may occur in t]l(‘ presence of high soil salinity in
mid-surmmer (Hesla 1984). The communities in
which C; shrubs are most prevalent have
simuer stress from botlr high sail salinity and
mid-sunmmer soil water d(-p]ch()n combined.
These species reach much lower plant water
potentials during summer than either nonsaline
communities or wet-saline communities. The
role of C; photosynthesis in tolerating these
conditions remains to be determined, but it

(‘()l]](l })(‘ l'(‘lilt(‘(l to il\'()i(lill(’ (‘\C(‘\'Si\'(’l\' ]()\\7 l(‘ilf

water potentials either 1)\ I l(td](lll)" soil
moisture depletion, which’ h()tll lowers th(' soil
matrix potential and concentrates soil salts, or
(2) avoiding exacerbation of low soil water
potentials due to high flux rates and large water
potential gradients between the leal and voot.
Water movement in the xvlem ocenrs under
tension, and anatomical features that avoid cav-
itation in the \\l(m at extremel low water
potentials nsnd]]\ reduce the Ty dranlic condue-
tivity of the xvlem per unit cross-sectional area
(Davis et al. 1990, Spernvand Tyree 1990). Low
specific condnetivity of the \\]( anowill, in ti,
predispose the l)].ml system to large water
potential gradients hetween roots and shoots,
cansing an even greater depression of leaf water
potential. This problem could be ameliorated
cither by increased eross-sectional arca of the
\\]('m by inereased allocation to wood erowth,

r by féatures sneh as C 1 l)!l()l()\\"lltll(‘\l% that
re dnu* the flux rate of water associated with
photosynthetic activity uneer warm conditions.
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NUTRIENT RELATIONS

AC QUISITION OF MINERAL NUTRIENTS. —
Apart from the very high <]<>\at1<m montane
zones. water appears to be the most limiting
resource in the Great Basin and Colorado PLI-
teau communities. Productivity is usually well
correlated with vearly fluctnations in precipita-
tion and spring moisture recharge over a wide

range of values (Daubenmire 1975, Kindschy
1982 ), and competitive success has more often
been associated with soil water use patterns
than nntrient budgets. Nonetheless, addition of
mineral fertilizer sometimes does result in
modest increases in productivity, and studies
have shown strong (*H‘e(-ts of neighboring plants
on nutrient npt: xl\v rates ( ulld\\( I et al. 19S7).
These dynanics have been less studied than
have plant water budgets. and broad ecological
relationships are just now being worked out in
detail. Nutrient acquisition has been shown to
be a major tactor determining commumity com-
position only in very spvcml habitats suech as
large sand dines (Bowers 1982) or unusual bed-
roc k (DeLncia and Schlesinger 1990).

MICROPINTIC CRUSTS—Throunghout  the
Great Basin and Colorado Plateau, it is common
for the exposed soil surface to be covered by a
complex  community of nonvascular mets
inclnding dozens of species of algae, lichens,
andhmosses (West 1990). These organisms often
form a biotic crust in the upper few centimeters
of the soil and. when undisturbed. may result in
averv convoluted microtopography of the snr-
face. While a detailed  discussion  of the
111icl'(>p]1}ﬁ(' crusts is ])e)‘()nd the scope of this
review, it is impommt to realize that percent
cover by such crusts often exceeds that of the
vascular phmth" and their contribution to total
ccosystem productivity is considerable. Perhaps
most im])(n't'mt to co- ()c('m'n'n(f vaseular I)lzmts‘
are the nutrient inputs to the soil by nitrogen-
fixing  crust (evanobacteria  and
lichens). These inputs will he particularly
important in the cold desert where few vascular
plants form svimbiotic relationships with nitro-
gen-fixing bacteria.

NURSE PLANTS AND FERTILE ISLANDS —In
many desert areas. including both the Mojave
and the Great Basin, establishment of new indi-
vielnals may ocenr preferentiallv nnder the exist-
ing canopies of already established individuals.
Th( se previonsly established individnals may
then be referred to as nurse plants. Prefe rential

or U‘d]ll\ll]\
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establishment imder nurse plants may ocenr in
spite of the fact that 75% or more off thv“lmm(l
arca may be bare interspaces between plant
canopies. The [)hem)nl(*m)n can he importantin
botli steady-state commmumity dynamics and also
snecessional - patterns following  disturbance
(Wallace and Rommey 1950, Everett and Ward
19S4). Tivo somewhat distinet factors contribute
to the mirse-plant phenomenon. The first has to
do the with beneficial effects of partial shading
and reduced wind mnder existing canopies
resulting i cooler temperatures and possibly
moister soil conditions in the surface ]u\'crs
These interactions depend directly on the pres-
ence of the mirse plant in umtm" a favorable
microsite, and have been studie (lmt]l particular
reference to pinvon and juniper establishment
in the Great Basin. A second factor involves the
creation of fertile islands by the prolonged occu-
pation ol the same microsite by nany genera-
tions of plants; this can make the fertile Mdnd a
pwfcnc(l site even if the 1)10\1()11.\ occnpant is
already deccased. This microsite improvement
oceurs due to preferential litter accimmulation
and more extensive root growth directly under
a plant canopy, and deposition of acolian mate-
rials imder reduced wind speeds in plant cano-
pies. In time, soils under existing l)lamts‘ nmay
come to be slightly raised above the interspace
level, have a hﬂhte loamier texture. higher
organic niatter umt(*ntan(l better soil structure,
less surface compaction. better acration and
more rapid water infiltration, and/or higher
levels of available mineral nutrients  than
immediatelyadjucentinterspace soil (Vest 1962,
Wood et al. 1978, Romney et al. 1950, 1esla
19S4, West 1989, Dobrowolski et al. 1990).
Direct eftects of nurse plants and indirect
effects of fertile islands should complement and
reinforce cach other in maintaining selective
spacial patterns of secdling estal lishiment. Sur-
face soil under halophyvtes may also show
increased salinity (Richard and Cline 1965) dne
to excretion of excess salts by the canopy or
translocation and re-exeretion from the roots.

DIVERSITY OF GROWTH FORMS

Oneofthe striking leatures of the cold desert
vegetation is the uniforinly low stature of the
vegetation. This is undoubtedly due to several
fagtms and  few studies have specitically
addressed the role of plant stature in these com-
munities. Since Jow temperatures may limit
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photosynthesis in the cool spring, and carlier
growth on limited soil moisture reserves may he
competitively advantageons, occupving warm
microsites may be lavored. Substuntial inercases
inairtemperature and reductions inwind speed
will exist in the lowest meter next to the gronnd.
and especially in the Towest decimeter. Low
cushion plants or low, dense shrub canopies
should have warmer spring leaf teniperatures by
virtue of being short and by virtue of lealing out
first i a dense clamp of “old dead ](‘(1\(‘8 and
twigs (Smith etal. 1983, Wilson et al. 19S7). This
advantage may be partially offset by u\‘(’r]’\ high
temperatures in smmer for species remaining
active all summer. Stature is also likel to altect
acolian deposit of materials under the shrub
canopies (Wood et al. 1975, Yonng and Evans
19S6), snow accunmulation ( Branson et al. 1951,
West and Caldwell 1983), and the likeliliood of
winter desiceation under cold. windy conditions
(Nelson and Tiernan 1983). All of these coukd
be tmportant factors, but few detailed studies
have been done.

Having considered the relationships of the
(lonnmmt plant habits and phenologics to cli-
mate., it is per lmps instrctive to consider \\]1\'
some of the other fanmons desert life forms are
so poorly represented in this region. Three life
forms whicliare promineut features of the warm
desert but inconspicuons elements of the cold
desert are (1) ]'u‘(f(* CAM succulents (¢.g.. cacti
and agave). (2) opportunistic dronght- d( cidi-
ous shrubs spmm]m(l for rapid leaf- flushing,
and (3) annnals. Delinitive work explaining the
structiral nniformity of the vegetation is not
available. but the environment is well enongh
imderstood to identify-at least some of the likely
CANSeSs.

CAMSUCCULENTS.—AMlost of the large C AN
succulents ave not tolerant of freezing temper-
atures, and  most  extant sl)(‘civs would be
excluded from the Great Basin by this factor
alone. There are. however, a sufficient number
of species which have adapted to tolerate cold
temperatures that we are justified in asking why
they have not undergone more adaptive radia-
tion. or claimed @ more prominent role in these
commumitices. The most important Gictor Hinit-
ing this lifc form is probably the importance of
tho cool spmw arowing scason. CANI sucen-
lents generally (11 allocate very ttle biomass to
root (root/shoot ca. 0.1), (2) are shallow rooted,
(3) store moderate-sized  (compared 1o soll
water-holding capacity) water reserves inside
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their tissues when water is available in the sur-
face soil lavers, and (4) nse their stored water in
photosynthesis with unparalleled water-use effi-
cieney by opening their stomata only at night
when temiperatures are ¢ 00l (Nobel 198S). The a¥
are favored by (1) very warm days (3040 C ).
which allow them to have higher l)]]()t()i\ﬂlll(‘l!(
rates and canse competing species to have very
lowwater-use efficiencies; (2) large dinrmal tem-
perature {luctuations allowing for cool nights
(10-20 C) which allow them to have high rates
of CO, nptake with high water-use efficiency;
and (3) intermittent rainfall, which onlvwets the
upper soil lavers so that the limitations of their
shallow roots and water-hoarding strategy are
conmpensated for by the ephemomllmtmc of the
soil water resource. These conditions are some-
what poorly met in the cold desert. The impor-
tant water resource is one of deep soil recharge
that favors deep-rooted species and confers
muchless advantage on internal water hoarding.
Freezing tolerance in CAM sucenlents appears
to be associated with low tissne water contents,
and this may inhibit uptake of water when it is
plentiful in the snrface lavers in the thermally
vacillating early spring ( tht](’]()hn and Williams
1983). Imﬂ]( srmore, water-use efficiencies of
C; and C; species are quite high in the cool
spring.
Nonetheless, even moderate amounts of
stumer rain in the southem and eastern por-
tions of the Great Basin result in nimerous
species of cacti. Due to the open nature of the
iderstory, many of these species have a large
clevational and they are often more
common in the pinyvon-juniper oreven the mon-
tane zone than on the desert piedmont s]npe
Almost all of these cacti are small, nsnally 5-20
e high, with asmall, globose (e.g.. Pediocactns
shmpsonit). prostrate  (e.g., Opuntia })u[y-
cantha).  or low, cac spitose  habit  (c.g.,
Eclinocereus triglochidiatus). This allows tl]em
to take adv antage of the warmer (|;1)'t1111(* tem-
peratures near the gr(mnd in the .x‘pl'ingr and
facilitates an insulating snowcover during the

zlll(r(‘

coldest winter periods. The nmber of and total
cover by cactiincrease  considerably with
increased smnmer rainfall on the Colorado Pla-
tear. but only in the castern Mojave with both
stmmer rain and warm spring temperatures do
we find the lavger harrel-cactus (e.g. Ferocactus
and tall,

Opuntia (1('(“1[/)(){'{1)‘})” ).

acanthoides) shrmbby chollas (c.o.,
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OPPORTUNISTIC DROUGHT-DECIDUOUS /
MULTIPLE  LEAF-FLUSHING  SPECIES.—This
habit, like that of the sncculents. is tavored by
(1) intermittent rainfall wetting only shallower
soil lavers, and (2) warm temperatures allowing
for rapid leaf expansion in response to renewed
soil moisture. Again, these requirements are not
well met in the Great Basin. The primary mots-
ture resource is a single. deep recharge in the
winter. Most shrub species are deep rooted, and
rather than experiencing vacillating water avail-
ability, they have active root grow th shifting to
(leupe and deeper soil lavers dmm(ftlle season,
thns  producing  a (rmdndl and  continuous
change in plant water status. This allows many
spring-active shrubs to remain partially ever-
green thronghout the snmmer, and, in regions
where it occurs, they are able to make mpld use
of any moisture av ailable from summer preeip-
itation without the need for renewed leaf pro-
duction. The onlv shrub reported to have
multiple leaf flushes in response to late spring
or summer rain in the Great Basin is the dimin-
utive and shallow-rooted Artewisia spinescens
(Everett et al. 19S0). Some species found in the
Great Basin are n'pmi(‘(l to have multip]o
growth cvelesivear where they occur in the
Mojave (Ackerman et al. 1980).

ANNUALS AND LIFE-TIISTORY DIVERSITY. —
The spectacular wildflower shows displaved in
favorable vears in the Mojave Desert do not
occur in the cold desert of the Great Basin

(Ludwig et al. 195S). Annual species are few in
mmll)er and. except in early succession after
fire in woodlands oron v ery ([]\lllll)( d sites., t]n(‘

rarely constitute a major fraction of total com-
ity biomass. This is undoubtedly related to
several complex [actors, but various aspects of
precipitation patterns are likely to be among the
most |mp()1‘t mt. To begin with, the pancity of
SImmer rain in some I)Mx of the Great Basin
may fargelv eliminate an entire class of €
simmmer annuals important in the floras of other
regions inc ]l](li]](’ the Colorado Platean. Other
aspects than seasonality are also crucial, how-
ever. Vervlow mieans of dnmm]1)1(*(11)1t1tmn are
unnm()nl\ associated with large annual floras.
but correlated with low mean precipitation is
higll vear-to-vear variation in precipitation
which some anthors have argned is equally
important. The coefficient of variation (CV) in
precipitation shows a r(‘];ltinnship to mean pre-
cipitation in the Great Basin and Colorado Pla-
tean (Fig. 2) very similar to that found in warm
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FFig. 2. The relationship between mean precipitation and
the variability of rainfull between vears as measured by the
coefficient of variation in annual precipitation. The data
include points scattered throughont the Great Basin in Utah
and Nevada and the Colorado Platean in Utah and Arizona.
The Iine shown is the least squares best fit for the data: CV

1.27 = 0403 © loghmean annual precipitation, mm) (n
69 sites, p < 001 1.

deserts (Ehleringer 1985). Althongh mean pre-
cipitation has the areatest single effect. there
are. additionally. important gvogmp]n(- influ-
ences on the CV of precipitation which are
independent ()f'mezm precipitation. A multiple
the CV of precipitation on
log(mean wmual precipitation), latitude, and
elevation in the Great Basin has an 17 of .S1 and
indicates that each variable in the model

highl significant (p < .001 or better). For a
given mean precipitation, the CVinereases with
docreusing altitude in the Great Basin, but an
independent effect of elevation was not signifi-
cant in the Colorado Platean. The CV also
icreases from north to south in the Great Basin
and increases from south to north in the Colo-
rado Platean, which resnlts in a latitndinal band
of greatest anmmal variability nming throngh
southerm Nevada and Utal, This band is related
to two major aspects of regional elimate. Moving
southward in the Great Basin, te mperatures
gradually increase, favoring moister air masses
and more intense storms, but sites are more
removed from the most common winter storm
tracks. and the number of rainy davs per vear
decreases (Houghton 1969). Moving northward
from Arizona dll(] New Mexico, thv southemn
Nevada and Utah hand of highest precipitation
variability also corresponds to the northermnost
extent of stmmer storms associated with the

I'(‘gl'(‘ﬁ.‘al()l‘l ()
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precipitation and life-history strategy of herbaceons plnts.
The site with greatest representation of annuals is Death
\ll”r}' in the Mojave Desert, the sccond highest is Canvon-
lands in the Colorado Platean of southeastern Utali, and the
other three sites are Great Basin Cold Desert or shrub-
steppe (data were collected by Kim Harper and previonshy
published in Schatter and Gadgil 1975,

Arizona monsoon, and the region where the
fraction of summer rain increases substantially
moving sonthward. This zone also has some of
the most arid sites of the entire region located
along the transition to the Mojave Desert in
sonthern Nevada and the canvon conntry of
sontheastern Utah, and these sites can be
expected to have the highest variabilitv due to
both Tow mean ramfall and geographic position
correlated  with  regional weather patterns.
Becanse the Great Basin and Colorado Platean
are only semiarid, the CV of annnal precipita-
tion is not usnallyas high as in many of the more
arid warm deserts B(‘(ll](_\ 1975, Ehleringer
19S5), but particnlar sites mav be both arid and
highlyv impredictable.

“dl’l)(‘l (cited in Schaffer and Gadgil 1975
found that the prevalence of annmnals was posi-
tivelv associated with the C\Vin annnal precipi-
tation for five sites located in the Great Basin,
Colorado Platcan, and Mojave Desert Fig. 3).
The Targest annnal ])()])nl;lti()ns occeurred i
Death Valley (Mojave), followed by Canyon-
lands (Colorado Plteau in sontheastern Utah).
One interpretation of this relationship is that
high variability in total precipitation between
vears may be associated with high rates of mor-
t: ity and therefore favor early re lnmln(h()nand
an anmial habit (Schaffer and Gadgil 1975).
Many desert annuals are facnltatively I)Hemnhﬂ
in better-than-average vears. and some have
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peremnial races or sister species (Ehleringer
1985). The dynamics and distributions of these
closely relate dannual and perennial taxa should
receive further study in regard to their expected
life span, upmdu(-tl\( output. and relationships
to climatic predictability. Another perspective is
to ask how (ompotmon between very distinet
shrub and annual species is affected by precip-
itation \2111(11))11t\ While in many respects com-
plementary with the optmm] life  history
arguments. this approach emphasizes how large
dlffmence.s in habit affect resource capture and
competition rather than foeusing on subtler dif-
ferences in mortality and reproductive sched-
ules. The lower variability of precipitation in
mmch of the Great Basin compared to the
Mojave and Sonoran deserts, uswell as the more
reliable accumulation of moisture during the
winter-recharge season, niay favor both stal)lo
demographic patterns and growth of perennials.
Anmmls tend to be Shd“()\\’ rooted (mmost roots
in upper 0.1 m depth), and they are poorly
equipped to compete with shrubs for deep soil
moisture. If shrub density is high, and years of
unusually high mortality are rave, then shrubs
Ay lar Gel) p!eempt tl]e critical water and min-
eral resoirces and suppress growth of annuals.
The dominant shrubs of the warm deserts do not
have high root densities in the upper 10 em of
the soil profile (Wallace et al. 1950), have lower
total root densities, and have lower total cover
when compared with Great Basin peremnials.
Annuals are therefore likely to experience more
intense competition from shrubs in the Great
Basin. This conjecture is further supported by
considering that perennials in the Great Basin
generally transpire 50% or more of the wmual
moisture input over a wide range of vearly vari-
ations. In the Mojave this fraction may average
onlv 27% and vary between vears from 15 to
50% at the same site (Lane et al. 1984). or even
be as low as 7% (Sammis and Gay 1979). The
reduced overlap in rooting pmhlcs and the
greater availability  of  unused  moisture
resonrces iy have favored the development of
ammal floras in the Mojave Desert more than in
the Great Basin, With severe disturbance from
grazing and other anthropogenic activities,
exotic awnmal species have invaded many Great
Basin communities. Once established following
distirbance, these ammals are not ahways easily
displaced by short-term shrub snecession. W hile
this disenssion has been presented in the con-
text of anmnuals versns perennials, tradeofts
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between short- and long-lived perennials may
be influenced by very similar climatic parameters,
sometimes oper atlnd over different time scales.

Other factors t]mt may be important in the
ecology of Great Basin annuals inclnde the
effects of the very well developed ervptogam
soil crusts or vesienlar horizons on seed preda-
tion (ability of seeds to find safe sites), seed
germination, and seedling establishment. The
restriction of winter growth by cold tempera-
tures could also be (me ucial lmpommce inhib-
iting the prolonged establishment period
emuved by winter annuals in warm deserts. Fall
germination followed by low levels of photosyn-
t]10515 thronghonut the mild winteris essential for
vigorous spring growth of winter amnuals in the
I\I()]d\(’ and, w ln]elm.l\\ spring rains may cause
germination, such late cohorts rarely reach
maturity (Beatley 1974). Annuals are common
in transition zone sites of the ecotone between
Mojave Desert and Great Basin plant commu-
nities in southerm Nevada, but associated with
changes in perennial species composition along
decreasing mean temperature gradients in that
region are decreases in annual abundance
(Beatley 1975).
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